The objective of this study is to investigate the corrosion susceptibility of surgical AZ91 magnesium alloys in simulated body fluids (SBFs) consisting of bovine serum albumin (BSA) and acidic SBFs (pH 5) using electrochemical methods. The addition of BSA significantly moves the open-circuit potential toward a more positive value and suppresses the corrosion reaction. The corrosion resistance under the open-circuit conditions in the SBFs with 1 g/L BSA is approximately twice that in the SBFs. A higher BSA concentration decreases the corrosion susceptibility. In addition, the acidic SBF results in a higher alloy dissolution rate. The possible mechanisms are discussed.
I. INTRODUCTION
In a search for the proper bone implants with suitable properties, a number of potential metals have been identified, and they include 316L stainless steel, Ti, and Ti alloys. Although these alloys are used in prosthetic devices due to their high corrosion resistance and good biocompatibility, their elastic modulus does not match that of natural bone. As load-bearing implants, insufficient load transfer from the artificial implants to the adjacent bone tissues may lead to bone resorption and ultimately to loosening of the implanted device. This is termed "stress shielding," which is ascribed to the mismatch in the flexibility or stiffness between the implant materials and natural bone.
1,2 Durable implants represent a foreign body and bear the risk of local infection. 3 Therefore, degradable and biocompatible implants that dissolve in a biological environment are desirable in many biomedical applications. Polymer composites possess low elastic modulus closer to that of bone compared to metals, but potential environmental degradation and poor tribological behavior are practical drawbacks. 1 Compared to stainless steels, Ti alloys, and polymers, magnesium alloys possess excellent physical and mechanical properties such as low density and high strength-to-weight ratio. In particular, the elastic modulus is closer to that of natural bone. In the first half of the last century, degradable metal implants made of magnesium alloys were used in orthopedic and trauma surgery. 4 However, magnesium alloys suffer from extensive corrosion in the pH 7.4 physiological environment containing, for example, Cl − , SO 4 2− , or PO 4 3− . As a result, the use of Mg was abandoned.
Recently, new casting techniques that allow the production of magnesium alloys with higher purity offer a more effective method to enhance the corrosion-resistant properties of magnesium alloys. 5 It is generally believed that the corrosion process depends not only on the composition and the processing history of the materials but also on the actual environment to which the materials are subjected. A number of recent studies have been carried out to investigate the corrosion behavior of magnesium alloys under different conditions to understand the degradation process. [6] [7] [8] [9] [10] [11] The pH value of the test solution imposes a considerable effect on the corrosion rate of magnesium. In acidic or neutral solutions, Mg can be corroded to form Mg 2+ ions, causing dissolution of the magnesium alloys. However, in an alkalinic solution (pH 11∼12), a relatively stable Mg(OH) 2 film can be formed, which influences the corrosion rate greatly. 6 In the buffered chloride solution, the corrosion rates of magnesium alloys are determined by the pH and the chloride ion concentration. Borate buffers can depress localized attacks on magnesium alloys. 7 Similarly, fluoride is an important element that can decrease the corrosion rate of magnesium, especially as it is added to an aqueous solution containing ethylene glycol. 8 In most aqueous solutions, NaCl is known to be detrimental to the corrosion of magnesium, but in contrast, Na 2 SO 4 has an inhibition effect on magnesium in a NaCl solution. 9 The anodic behavior of magnesium in a HCO 3 − /CO 3 2− buffer solution can be correlated to the concentration of HCO 3 − in the solution. 10 It should be noted that these studies cited above mainly focus on magnesium or magnesium alloys as structural materials in automotive and aeronautical applications instead of biomedical engineering applications.
When magnesium alloys are used as biomedical materials, the physiological environment is quite different from that in the industrial environment. Therefore, their corrosion behavior must be investigated in an environment that is closer to the physiological environment. It has been observed that after the implants are inserted the pH value of the implanted part decreases to approximately 5.2 and then recovers after 10 to 15 days. 11 Therefore, variations of the pH values in the in vitro environment should be considered. Furthermore, interactions between proteins and the implant surfaces change the corrosion process and properties. [12] [13] [14] It is generally believed that proteins interact and alter corrosion behavior in two ways: adsorption and chelation. 13 Their respective roles in a corrosive environment are governed by many factors such as the surface chemistry of the metal, the protein adsorption characteristics, the interaction between protein molecules and other ions present in the electrolyte solution that produce organic complexes, and the transport of anionic and cationic charges to and away from the local environment. 15, 16 Up to now, although many studies have been carried out to evaluate the influence of proteins on the corrosion behavior of Ti, Ti alloys, and stainless steels, the effects of proteins on the in vitro corrosion process of magnesium alloys are still relatively unknown.
In this work, the corrosion susceptibility of surgical AZ91 magnesium alloys is investigated in acidic simulated body fluids (ASBFs) and simulated body fluids (SBFs) containing bovine serum albumin (BSA). These results serve to enhance our understanding of the process of degradation of magnesium alloys in a biological environment, especially from the perspective of prosthetic devices.
II. MATERIALS AND METHODS

A. Materials
Commercially available extruded AZ91 Mg alloys produced by YiHo Corporation (Shenzhen, People's Republic of China) were used. Their compositions are listed in Table I . Samples with dimensions of 10 mm × 10 mm × 2 mm were prepared for the corrosion tests and surface characterization. The specimens were ground with SiC water-proof paper with No. 400, 1200, and 2400 grits in series with water and then finely polished using a diamond paste with 0.1-m particles with 99.8 vol% ethanol absolute. The specimens were ultrasonically washed in ethanol absolute for 10 min.
B. In Vitro Corrosion Measurements
The corrosion tests were carried out at 37 ± 1°C in SBFs with the following composition: NaCl, 7.996 g/L; NaHCO 3 BSA 0.01; 1 g/L, BSA 0.1) was prepared in a separate container using the prepared SBF and was allowed to equilibrate for at least 30 min in a 37 ± 1°C water bath.
The corrosion test apparatus consisted of a conventional three-electrode cell comprising a working electrode, a saturated calomel electrode as the reference electrode, and a pure carbon stick as the counter-electrode. The specimens were prepared by connecting a copper plate to one side of the sample covered by cold-setting resin. The opposite surface of the specimen was exposed to the solution. The exposed area was about 1 cm (EIS) measurements were conducted on a GAMRY (Warminster, PA) PCI4/300 spectrometer at a stable OCP after 4000 s exposure. The perturbing signal had an alternating current amplitude of 10 mV and a frequency range of 100 KHz to 10 mHz. The data were analyzed using the software Gamry Echem Analyst (GAMRY).
Three or more specimens were tested for each condition. After immersion for 7 days, the corroded specimens were removed from the solution, cleaned with distilled water, and dried. They were then immersed in chromate acid (200 g/L CrO 3 + 10 g/L AgNO 3 ) for 5 to 10 min to remove the corrosion products. Afterward, the specimens were washed with distilled water and dried again. The dried specimens were weighed, and the corrosion rate was calculated by
where CR is the corrosion rate, W is the weight loss, A is the original surface area exposed to the test solution, and t is the exposure time. 
C. Surface characterization
The surface views of the specimens after electrochemical measurements were monitored by scanning electron microscopy (SEM) with energy-dispersive x-ray spectroscopy. The structure and composition were determined by Fourier transform infrared (FTIR) spectroscopy after immersion in a SBF containing 1 g/L BSA for different durations of time.
III. RESULTS
The variations in OCP for the AZ91 alloys in different test solutions are shown in Fig. 1 . The OCP in the SBF keeps stable at about −0.14 V in the first 1000 s (1 ks) of exposure, and then the potential decreases continuously to approximately -1.6 V, denoting dissolution and repassivation on the sample surfaces. 17 The OCP values determined from the samples in the ASBF show obvious variations during the initial immersion and then stabilize after about 300 s. The addition of BSA significantly moves the OCP to positive values, and the concentration of BSA has a visible positive influence on the OCP value. The greater the concentration of BSA, the higher the OCP value. The OCP value in BSA.1 is about −0.021 V after 4000 s of immersion. During the OCP measurements, the surface of the AZ91 alloys shows the following changes. In the SBF, a black surface with some macroscopic corrosion pits is observed. The surface remains light gray in the ASBF, and only a small quantity of localized corrosion can be observed by microscopy. A sandy beige color appears on the magnesium alloy surface in the SBF with BSA.
The polarization behavior of the AZ91 alloys is shown in Fig. 2 . The obvious changes in E corr attributable to the test solutions shift the polarization curves to more positive potentials in the following order: A < B < C < D. The magnitude of the cathodic current density decreases in the same order. When the corrosion potential is above the E corr in the SBF and the ASBF, the corrosion-current density increases quickly, which is indicated by the lower changing slope compared with the active part of the anodic polarization curves in the test solutions including BSA. This implies that the addition of albumin to the SBF protects the oxide-protective layer against the electrolyte attack. Song et al. 18 have pointed out that the "pitting" potential E pt is usually indicated by a sudden drop in the cathodic current density for magnesium alloys. The dependence of E pt on the test solution for the AZ91 alloys is indicated by arrows in Fig. 2 , and it can be concluded that the test solution has a large influence on the corrosion resistance. The addition of BSA leads to an increase in E pt . The samples in the SBF exhibit the most negative value of E pt (−1.716 V). In comparison, the BSA.1 solution causes a shift of the E pt to a more positive value (−0.179 V). In the ASBF, the E pt value is also more noble than that in the SBF, and it is approximately −0.671 V. At the "pitting" potential, the initiation of localized corrosion is accompanied by dramatic visible hydrogen evolution from the corroding sites on the electrode surface. In this study, reverse cathodic scanning is conducted on the samples in the BSA.1 solution. The hysteresis loop with a small area indicates good repassivation properties for the AZ91 alloys in the BSA.1 solution. Figure 3 displays the typical Nyquist diagrams of EIS measured from the AZ91 alloys in different solutions. The measurements were conducted at the OCP. The spectra consist of three loops: capacitive in the high-frequency range; capacitive in the intermediatefrequency range; and inductive in the low-frequency range. The results are similar to those for the AZ91D blank samples in 3.5 wt% NaCl solution. 19 It seems that a change of the test solution does not have a large influence on the corrosion behavior of AZ91, although it results in changes in the corrosion impedance.
To examine the adsorption of BSA on the magnesium alloy surface, FTIR spectra are obtained before and after immersion in BSA.1 for different time durations, and the results are displayed in Fig. 4 . The broad band around 1100 cm −1 is mainly attributed to P-O. 20 Meanwhile, the strong amide I (1650 cm −1 ) and amide II (1545 cm −1 ) signals and the weak amide III (1248 cm −1 ) signal of BSA can be observed in this spectra. The broad band between 2850 and 2960 cm −1 originates from C-H. 21 The adsorption behavior of the BSA on the magnesium alloys is similar to that on titanium. 22 During initial immersion (0-1 h), the peaks attributed to the amide bands from BSA are obvious. However, the peaks suddenly weaken after 12 h of exposure. This suggests that there is less adsorbed BSA on the magnesium alloy surface, perhaps meaning that the blocking effect of the adsorbed protein layer becomes weaker with increasing immersion time.
After immersion for 7 days, the average weight loss rates are determined for the AZ91 alloy samples in different test solutions, and the results are displayed in in the OCP values for magnesium alloys is characteristic of the formation and breakdown of the surface films in test solutions. In the SBF, they are initially stable, decrease with immersion time, and finally drop to a low value of approximately −1.6 V. Hara et al. 23 have pointed out that surface films mainly composed of Mg(OH) 2 rapidly dissolves on the AZ91D alloy during open-circuit exposure in solutions including Cl − and SO 4 2− ions; however, the existence of Cl − , SO 4 2− , and PO 4 3− ions in the SBF also tends to improve the dissolution of the passivation films. 24 The partially protective films begin to grow on the electrode surface, resulting in enhanced protection ability and spontaneous passivation of the samples. The partially protective films grow in two consecutive stages. 25 In the first stage, the film thickness increases linearly with immersion time, and so the protective effect of the film increases, leading to a relatively stable and noble OCP value. In the second stage, the growth rate decreases with time. When the growth rate is less than the dissolution rate, the corrosion resistance of passivation films decreases. It is known that the OCP is determined by both the anodic and cathodic reaction. 12 Based on the electroneutrality theory, an increase in the anodic current can shift the OCP gradually to the negative direction during immersion. The variation in the OCP values imparts a pH drop in the SBF that could result in a short-term enhancement of the corrosion resistance of the AZ91 samples. This is consistent with previously reported results obtained in vivo. 5 The reason is that the pH drop can lead to quick pitting corrosion, which will cause pH to increase at the corrosion pits due to the quick formation of corrosion products of M(OH) n . 19, 26 The addition of BSA significantly moves the OCP to noble values, a trend that is different from that for pure titanium. 12 Moreover, with an increasing BSA concentration in the SBF, the OCP values become more noble. The results show that the addition of BSA enhances the short-term electrochemical stability of magnesium alloys in SBF.
To measure the pitting susceptibility and passivation stability, potentiodynamic polarization tests are carried out. The E pt values determined from the AZ91 samples move to the positive direction in the following order: SBF < ASBF < BSA.01 < BSA.1. This indicates that the addition of BSA tends to retard localized corrosion. The results are consistent with the variation of the OCP values. Compared to the samples in the SBF, the polarization curves obtained from the samples in ASBF, BSA.01, and BSA.1 are not symmetrical. The active anodic part is much steeper than the cathodic part. Based on the polarization curves, it can be concluded that the breakdown potential moves to positive values. The polarization results indicate that the adsorption of BSA changes the electric field on the surface of the electrode, 22 thereby changing the anodic polarization behavior. It plays an important role in the enhancement of the electrochemical stability and the decrease in the pitting susceptibility. The surface morphology of the AZ91 samples after the potentiodynamic polarization tests is shown in Fig. 6 . A rough surface with a large number of localized corrosion holes [ Fig. 6(a) ] can be observed on the samples immersed in the SBF. In comparison, the ASBF and BSA.1 samples exhibit smooth surfaces with fewer corrosion holes [ Figs. 6(b) and 6(c) ]. The other part of the sample surface is covered with a cracked oxide film mainly composed of MgO. The irregular cavities observed in the BSA.1 sample suggest that localized corrosion damage occurs underneath the oxide films and the corrosion holes are still covered by the incomplete oxidation film. In contrast, the films are observed to peel off at the corrosion holes in the ASBF. According to the corrosion morphology, the addition of BSA can decrease pitting susceptibility and peeling of the oxide film. Both are beneficial to the corrosion-resistant properties based on the "partially protective film" mechanism. 27 The question here is whether this absorption changes the corrosion process of magnesium alloys in the SBF. The EIS method is used here to further investigate the electrodeelectrolyte interface and corrosion processes occurring on the surface in the different test solutions. 13 Taking the surface characteristics of the test samples and its impedance response into account, the equivalent circuit (EC) of the AZ91 samples/solution system at the OCP is shown in Fig. 7 based on the EC models of Zhang et al. 19 and Cao. 28 The EC is fitted for all of the samples. The EC consists of three time constants in parallel. The outer subcircuit (CPE 1 -R c ) could be related to the charging/discharging process at the sample surface-electrolyte interface detected at high frequencies. The inner subcircuit (CPE 2 -R t ) results from simultaneous occurrences of charge transfer and mass-transport processes, 13 and R L -L indicates the dissolution and formation of corrosion products in the vulnerable regions. R e is related to resistance of the electrode between the working and reference electrodes. The constant-phase element (CPE) is usually used instead of a capacitive one to account for the nonideal capacitance response due to the nonexistence of pure capacitance in the real electrochemical process:
where Y O is a constant, is the angular frequency, and is a mathematical expression (0 ഛ ഛ 1). It is resistance for ‫ס‬ 0 and capacitance for ‫ס‬ 1. 0 < < 1 represents deviation from ideal capacitance. 28 A very good agreement between the experimental and simulated values was obtained for all the measurements ( 2 ≈ 4-7 × 10 −4 ). The fitting results are shown in Table II . It has been pointed out that CPE 1 consists of the contribution from both the capacitance of the oxide film on the sample surface (C f ) and the double-layer capacitance (C dl ). When protein molecules adsorb onto the electrode surface, a new capacitor (C ad ) needs to be considered in the outer subcircuit (CPE 1 -R c ). If the surface of the magnesium alloy is occluded effectively by adsorbed proteins, the obtained CPE is possibly lower than that in SBF. 19, 29, 30 For all the experiments, the values of the CPE 1 exponent 1 for the BSA.1 is 0.89, followed by BSA.01, ASBF, and SBF. Meanwhile, it is interesting to note that the value of CPE 1 for the BSA.1 is lowest among all the experiments, which is 14.3 Fcm −2 . The above results indicate the nature of the oxide film, and the adsorbed BSA layer effectively depresses the fast charging/discharging process at the outer subcircuit. Compared to the test conducted in the SBF, the adsorbed protein may offer an enhanced insulting nature between the oxide film and the electrolyte. The isoelectric point for BSA is 4.5; therefore, it carries a negative charge at pH 7.2. Omanovic and Roscoe 13 have pointed out that the amount of absorbed BSA is higher on metal surfaces with a greater positive charge than on metals with a negative charge. The pH zero point of charge for MgO, which is the outer oxide layer on the magnesium alloy, is about 12.5. 31 Hence, at pH 7.2 the magnesium alloy surface at the OCP has a positive charge, which is beneficial to the adsorption of BSA on the magnesium alloy surface. A mass of adsorbed BSA may offer a shield depressing the penetration of the electrolyte. In addition, the inner subcircuit (CPE 2 -R t ) is controlled by charge transfer and mass-transport processes in the vulnerable regions. The variation of the R t values is consistent with that of the value of CPE 2 and its exponent 2 . The greater R t value for the BSA.1 indicates that the chargetransport process through the formed blocking layer in the vulnerable regions (i.e., corrosion products and adsorbed BSA) is inhibited to a greater extent compared with the other tests. Besides, the L value for BSA.1 is about nine times higher than that for SBF, which may be ascribed to the adsorbed BSA. It is known that the corrosion products for the magnesium alloy is composed of main Mg(OH) 2 . 19 Because the divalent Mg cations can easily interact with proteins, 22 it is possible that a covering layer is formed rapidly by the adsorbed BSA, which depresses the further dissolution of corrosion products. The addition of hydrochloric acid is shown to increase the CPE 1 value compared with the presence of BSA, which is close to that obtained in the SBF alone. The changes of the parameters for the inner subcircuit (CPE 2 -R t ) for the experiments in the ASBF indicate that the corrosion products offer better insulting properties than that in SBF at the corrosion pits.
The electrochemical corrosion measurements indicate that the addition of BSA and hydrochloric acid lead to different results. Hydrochloric acid added to the SBF offers short-term corrosion protection, but severe degradation after long-term immersion. After the magnesium alloy samples are immersed in the pH 5 SBF magnesium alloys have a high corrosion rate at low pH values during initial immersion. 5 The high corrosion rate results in the rapid transfer of pH value in the alkaline direction. When the pH value is >10.5, the deposition of Mg(OH) 2 occurs at the corrosion holes, forming a stable corrosion layer that suppresses the corrosion attack in the short term. 26 In comparison, the lower corrosion rate means that more time is needed to reach a pH value >10.5. It leads to further development of the corrosion holes, 5, 26 and hence corrosion holes are more abundant in SBFs than in ASBFs. With the increase of immersion time, the chloride ions promote the dissolution of Mg(OH) 2 . The layers composed of the corrosion products have good ionic conductivity and nonelectronic conductivity, and the H + decreases the pH value in the corrosion holes promoting continuous dissolution of the oxide film. Because the film formed on the ␣-phase has loose layers, the covering and blocking effect of the film is weaker than that on the ␤-phase. 30 The galvanic corrosion effect accelerates the corrosion process of the ␣-phase. To the contrary, the dissolution of the ␣-matrix weakens the barrier effect. This corrosion process is ascribed to the lower corrosion impedance that results from the existence of excessive chloride ions.
In comparison, the addition of BSA inhibits the corrosion attack on the magnesium alloys in the SBFs. This can be attributed to the covering and blocking effect of the BSA. After open-circuit exposure to the SBF containing BSA, albumin adsorbs on the magnesium alloy surface because the surface film is mainly composed of Mg(OH) 2 that grows rapidly in the solution containing Cl − or SO 4 2− , and the divalent Mg cations interact with BSA easily. 22, 25 The FTIR spectroscopy results also indicate that the adsorbed albumin layer on the magnesium alloy can be detected easily up to 60 min of exposure. It means that the adhesion of albumin is good. The relative size of the BSA molecules with respect to the projected area for adsorption is about 46 nm 2 , 12 and the absorbed BSA molecules can fill the pinholes in the oxide films retarding the penetration of water molecules and corrosive ions through capillary effects. Meanwhile, the freshly formed albumin layer constitutes a corrosionresistant layer with great impedance. 13 It also reduces contact between the sample surface and the test solution. Hence, the electrochemical stability of the magnesium alloy is improved during open-circuit immersion in a SBF. Because the albumin adsorption layer is not compact and not free from pinholes, further penetration of water molecules or corrosive ions leads to corrosion of the protective film on the magnesium alloy. Depending on the combined effects of the partially protective film and the adsorption of BSA, the corrosion resistance of the magnesium alloy in the SBF with BSA is enhanced. On the other hand, when the test solution contacts the inner layer through the pinholes, the solution reacts with the Al 2 O 3 layers. Although the Al 2 O 3 layer is more stable and compact than the two loose external layers, it is too thin to effectively suppress selective dissolution. In the SBF without BSA, this selective dissolution proceeds quickly. However, in the SBF with BSA, because the BSA molecules interact with the aluminum oxide more easily than magnesium oxide/hydroxide, 32 the adsorption of BSA molecules on aluminum oxide can form another protective layer to further impede the selective dissolution of the oxide layer. It is known that proteins can accelerate the dissolution of metals by the chelation effects involving, for example, Ti, Fe, and Cu. 12, 33 However, the corrosion of aluminum is unaffected by the proteins.
14 Therefore, BSA adsorption on the aluminum oxide can block the anodic reaction, resulting in noble corrosion resistance. The blocking effect on the corrosion reaction results in a greater impedance in the presence of BSA compared to SBF. There are obvious differences in the electrochemical parameters such as OCP and R c between BSA.01 and BSA.1, indicating that the concentration of BSA has a great influence on the corrosion resistance of the magnesium alloy when it is lower than 1 g/L.
The reason may be that the blocking effect of the BSA adsorption layer depends on the concentration, a phenomenon that is different from that in titanium. 5 The difference is believed to result from the different interactions between the albumin and magnesium alloy or titanium.
V. CONCLUSION
We have investigated the degradation susceptibility of a surgical AZ91 Mg alloy in artificial biological fluids by determining the electrochemical properties, weight loss rates, SEM, and FTIR spectroscopy results. The addition of BSA to the SBF has a positive influence on the improvement of the OCP. The adsorbed BSA results in decreased cathodic current and enhanced corrosion resistance, and it can be ascribed to the blocking effect of the BSA-adsorbed layer. A higher BSA concentration is beneficial to the mitigation of the corrosion process of the magnesium alloy in the SBF. The 7-day immersion results show that the sample immersed in the SBF with 1 g/L BSA has the lowest weight loss rate. Our results suggest that the adsorbed BSA coverage layer can suppress the dissolution of magnesium alloys via the blocking effect. Moreover, the amount of BSA added to the SBF has some effects on the corrosion resistance of the magnesium alloys. In addition, the acidic SBF can cause short-term formation of a stable corrosion layer but allows a more severe corrosion attack in the long term.
